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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW  
Thesis Organization 
 This thesis is organized into three chapters. Chapter 1 contains an introduction that 
includes research objectives as well as a literature review on soybean aphid, Aphis glycines 
Matsumura (Hemiptera: Aphididae), host plant resistance, and natural enemies of A. glycines. 
Chapter 2 covers the impact of soybean, Glycine max (L.) Merr., trichome variation on biotype-1 
A. glycines in a laboratory setting. Chapter 3 reports the impact of soybean trichome variation on 
both biotype-1 A. glycines and their associated natural enemies in a field setting.  
Literature Review 
Aphis glycines biology and ecology 
 Soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae), is native to eastern 
Asia. It was first identified in the United States in 2000, and became the most economically 
damaging insect pest of soybean, Glycine max (L.) Merr., in the United States (Ragsdale et al. 
2011). Since its discovery, A. glycines spread to 23 states as well as three Canadian provinces 
(Ragsdale et al. 2011). When colonized on soybean, wingless (apterous) A. glycines are 1/16th 
inches long and have a pear-shaped body. Nymphs and adults range in color from light yellow to 
vibrant lime green. Adult A. glycines have cornicles with dark tips. Winged (alate) A. glycines 
have transparent wings and a darkened thorax. Aphis glycines have many characteristics that 
allow them to thrive throughout the Midwest and other infested areas, which include consistent 
availability of primary and secondary hosts and high fecundity (Tilmon et al. 2011).  
 The complex heteroecious holocyclic life cycle of A. glycines consists of alternating hosts 
between the primary and secondary plants as well as producing sexual morphs during part of its 
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life. The primary host is common buckthorn, Rhamnus cathartica L. (Rhamnaceae), as well as 
other Rhamnus species while the secondary host is soybean (Tilmon et al. 2011). Rhamnus 
cathartica is native to western and northern Asia as well as Europe. It was first introduced in the 
United States for ornamental use, but quickly became established outside of cultivation 
unintentionally. It has also spread throughout Canada ranging from Nova Scotia to Alberta 
(Zouhar 2011). The expansive spread of R. cathartica combined with intensive agricultural 
practices of monoculture crops such as soybean creates the perfect set up for continuous A. 
glycines survival and reproduction.  
 The life cycle of A. glycines begins with the arrival of spring when nymphs hatch from 
eggs on their primary host and turn into wingless stem mothers, otherwise known as fundatrices. 
The second generation on R. cathartica consists mostly of wingless females while the third and 
usually final generation consists of winged individuals (Ragsdale et al. 2004). The winged 
morphs of A. glycines begin the search for their secondary host soybean. Once A. glycines 
reaches its secondary host, around 15 generations are produced that consist mostly of wingless 
females. Winged females have been observed during summer months when populations reach 
high numbers and soybeans becomes overcrowded. Towards the end of summer when both 
temperature and the duration of sunlight decline, gynoparae are produced, which are winged 
females that emigrate back to their primary overwintering host (Ragsdale et al. 2004). Up until 
this point A. glycines has only undergone asexual reproduction where all females are 
parthenogenic. Once the gynoparae find their overwintering site on R. cathartica, males are 
finally produced on soybean where they too emigrate in search of R. cathartica. Sexual 
reproduction takes place on R. cathartica once the gynoparae give birth to oviparae. The hardy 
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eggs will then remain near the buds of R. cathartica until the following spring when the cycle 
begins again (Tilmon et al. 2011). 
 The movement of A. glycines is stimulated by many different factors some including 
natural enemy presence, stressful climate, host quality, and different expressions of host plant 
resistance (HPR) (Wenger et al. 2014). It has been observed that A. glycines are equipped to 
enter low-level jet streams and essentially migrate between hosts as well as between large 
geographic areas. Alate forms of A. glycines have been observed within low-level jet streams for 
11 hours at a time while traveling up to 6.7 km per single flight (Ragsdale et al. 2011). The 
relative ease of movement possibly explains one reason behind how A. glycine’s range expanded 
so quickly once it entered into North America and why it has been extremely difficult to greatly 
reduce the damaging populations.  
Over the course of late spring until the end of summer, A. glycines colonize soybean 
throughout the vegetative and reproductive stages. During the vegetative stages of soybean, A. 
glycines can be found on stems, petioles, and young trifoliates. As soybean plants reach 
reproductive stages and develop lateral branches, A. glycines can be found on middle to lower 
stems, branches, pods, petioles, and on the underside of mature leaves (Ragsdale et al. 2004). 
Populations of A. glycines can fluctuate throughout the summer ranging from hundreds to 
thousands, but tend to remain highest at their optimal temperature of 82F/27.8C (Tilmon et al 
2011). According to Ragsdale et al. (2011), A. glycines cause more major economic loss when 
populations peak during the mid-reproductive stages (R3-5) of soybean compared to the late 
reproductive stages (R6-7).  
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The economic threshold (ET) used for A. glycines in North America is 273 aphids per 
plant. This number is used to help apply foliar insecticide with more efficiency in order to 
prevent populations from reaching the economic injury level (EIL). The EIL is when populations 
reach 674 aphids per plant and irreversible damage has been done to soybean and yield potential 
is ultimately reduced (Hesler et al. 2013). It has been estimated that A. glycines costs soybean 
producers in the United States anywhere from $2-5 billion annually in both insecticide use and 
yield loss (Kim et al. 2008).  
 Aphis glycines use piercing-sucking mouthparts to obtain the phloem inside of the 
soybean plant. This type of feeding causes major concern when it comes to the transmission of 
viruses. Aphis glycines have the potential to infest plants with Soybean mosaic virus and Soybean 
dwarf virus, which are known to decrease the quality of the crop if not kill it off (Hesler et al. 
2013). When soybean is fed upon by high-density populations the result can and often includes 
reduction in overall plant height. The reduction in height results in reduced pod set as well as 
fewer and smaller seeds at maturity (Ragsdale 2011). While the aphids feed upon the plant they 
secrete a sugary substance known as honeydew. The honeydew has the ability to continuously 
accumulate on the plants’ surface and ultimately cause an outbreak of sooty mold. Sooty mold 
has the ability to block off sunlight and reduce photosynthesis occurring on the plant. Both sooty 
mold and viruses results in major plant damage and yield loss (Kim et al. 2008). Since A. 
glycines have the potential to reduce plant quality and overall yield, it is extremely important to 
incorporate different management approaches.  
Host plant resistance 
 Host plant resistance is when a plant species has a collection of characteristics that allows 
it to decrease the effective utilization as a host plant by an insect species (Beck 1965; Levin 
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1973). This form of integrated pest management (IPM) is perceived as an economical, beneficial, 
and environmentally safe alternative to controlling insect pest populations. Host plant resistance 
can be observed in three unique categories which include antibiosis, antixenosis, and tolerance. 
Out of the three categories of HPR, only antibiosis and antixenosis have been observed in 
soybean as a response to the presence of A. glycines (Kim et al. 2008). 
 Plants that are known to exhibit antibiosis are capable of minimizing the growth, 
reproduction and survival of insects that happen to feed upon it. Antibiosis can be measured by 
using different test plants that insects feed on to compare survival, fecundity, size, and rate of 
development (Kim et al. 2008). The level of antibiotic resistance in plants can range anywhere 
from mild to lethal. Lethal effects of antibiosis typically target young larvae and eggs. The 
insects that survive the effects are often left with decreased body size, reduced levels of 
fecundity, and slowed development (Smith 2005). Antixenosis expressed in soybean lines have 
the ability to reduce the chance of A. glycines reaching the EIL by acting as an unacceptable host 
plant. The aphids do not recognize soybean as the right host, which causes them to continuously 
search for an acceptable host plant until they either become too exhausted to continue or are 
eaten in the process. Many soybean lines observed express both antixenosis and antibiosis 
characteristics. Soybean lines exhibiting both have brought attention towards developing lines 
that are resistance to A. glycines, but there has already been an A. glycines biotype to overcome 
combined traits (Hesler 2011).  
Tolerance is unique from both antibiosis and antixenosis in regards to the lack of plant 
and arthropod interaction. This form of HPR relies solely on the plants characteristics alone and 
allows plants to be colonized by pest insects without causing too much damage (Kim et al. 
2008). Many cultivars are capable of expressing more than one of the three categories of HPR. 
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The plants capable of expressing tolerance require less antibiosis and antixenosis action than 
with plants that are not able to express any form of tolerance (Smith 2005).  
 Wenger et al. (2014) found that planting HPR crops over large areas of cropland can 
actually result in reduction of HPR efficacy. This is due to the increase of selection pressure on 
pests such as A. glycines and can greatly increase the rate and occurrence of virulence. One way 
to possibly reduce the rate of virulence in A. glycines would be to plant susceptible refuges of 
soybean within fields containing majority of HPR crops. To date, there have been numerous 
soybean lines from both wild and cultivated backgrounds that express some level of resistance to 
A. glycines. Unfortunately, the resistance found in most of these lines comes from old cultivars, 
breeding lines, and plant introductions that are not adapted to North America’s soybean 
production (Hesler et al. 2013). 
Rag genes 
The first form of HPR to A. glycines was identified in three plant introductions (PI), 
which include PI548663 (Dowling), PI548657 (Jackson), and PI71506 (Hill et al. 2004). Hill et 
al. (2006), discovered that both Dowling and Jackson have only a single dominant gene that 
controls for resistance of A. glycines and was termed Rag1. The Rag1 gene provides a single-
gene source of antibiosis, which suppresses A. glycines populations more efficiently than 
susceptible controls (Tilmon et al. 2011). Soybean cultivar ‘Dowling’ resistance (i.e., Rag1) is 
solely expressed within plant sieve elements, which creates the inability for A. glycines to ingest 
adequate amounts of phloem (Crompton and Ode 2010). Since the discovery of Rag1, there have 
been seven other genes that have been thoroughly examined, identified, and mapped to four 
chromosomes. Another form of single-gene resistance to A. glycines was found in PI2243540, 
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which became known as Rag2 (Mian et al. 2008a). The genes are labeled from Rag1 to Rag5 
with three receiving provisional designations (Rag1, rag1b (provisional), rag1c, Rag2, Rag3, 
rag3 (provisional), rag4, and Rag5 (provisional) (Bansal et al. 2013).  
There have been 18 soybean lines commercially available in the Midwest containing 
resistance to A. glycines. All of the soybean lines but one contained only Rag1 while the 
remaining one contained a pyramid of Rag1 + Rag2 genes (McCarville et al. 2012a; Hesler et al. 
2013). Susceptible soybean cultivars are known to have high A. glycines population growth rates 
which results in decreased yield and increased insecticide use. Single gene varieties of soybean 
containing either Rag1 or Rag2 have been observed to drop A. glycines population growth rates 
37.8% and 43.6% respectively. Using two gene pyramids (Rag1 + Rag 2) have decreased growth 
rates up to 59.1% (McCarville and O’Neal 2012). Pyramiding Rag1 + Rag2 in soybean not only 
results in decreased population growth rates of A. glycines, but also produces consistent yield 
protection from A. glycines populations in North America. Pyramids are likely to enhance the 
accuracy of A. glycines population suppression and increase the actual durability of resistance 
genes (McCarville et al. 2014). In addition, the pyramid line had no yield decrease while single-
gene lines had 5% and susceptible had 14% (McCarville et al. 2014).   
Biotypes 
 Biotypes can be defined as populations of insects that are able to overcome plants that 
were previously known to be resistant towards that species. Consistent research on Rag genes 
and other sources of resistance towards A. glycines is crucial considering there have already been 
four A. glycines biotypes discovered and that the evolution of biotypes is relatively common 
across aphid species (Bansal et al. 2013). Biotype-1 individuals were collected in Urbana, IL, in 
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2000 (Bansal et al. 2013) and are known to be avirulent or unable to colonize on soybeans that 
contain Rag 1 or Rag2 (Hesler et al. 2013). Biotype-2 is virulent and was first discovered 
colonized on soybean containing Rag1 in Wooster, OH, in 2005 (Bansal et al. 2013). Biotype-3 
was discovered in Springfield Fen, IN, in 2007 (Bansal et al. 2013) and is virulent towards 
soybean containing Rag2 (Hesler et al. 2013). The most recent biotype identified was Biotype-4 
and was obtained in Wisconsin in 2011. Biotype-4 is virulent towards Rag1, Rag2, and Rag1 + 
Rag2 pyramids (Alt and Ryan-Mahmutagic 2013). 
Trichomes 
  Trichomes resemble hair-like structures that have the possibility to consist of many 
different types including: non-glandular, glandular, curly, straight, unicellular, multicellular, 
hooked, and simple (Werker 2000). Density, length, and style of trichomes depends of the plant 
and more specifically, the organ they emerge from. Trichomes act as a biological barrier by 
providing physical resistance from certain pests as well as predators (Levin 1973). In addition to 
the previously stated characteristics, trichomes play many other important roles that help protect 
their host plant. Some of these roles include protection from unforgiving solar radiation, salt 
balance by forms of excretion, seed dispersal, protection from insect herbivores and reducing the 
rate of evaporation. (Serna and Martin 2006; Price et al. 2011).  
 All soybean cultivars that are commercially available are pubescent. The pubescence 
consists of non-glandular simple trichomes that can be found all over the soybean plant 
specifically, stems, pods, leaves, and sepals (Kumudini 2010). Trichomes located on soybean 
leaves have a fixed number that is controlled by a single gene (Khan et al. 1986). Trichomes can 
emerge throughout various plant growth stages and have even been observed to die off before the 
plant reaches its full maturity (Wagner et al. 2004), which explains why the density of trichomes 
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on soybean leaves tend to drop as they expand with maturity (Khan et al. 1986). Even when 
trichomes senesce, some remain attached to the plant and still play a vital role in plant protection 
and defense against insect pests (Werker 2000; Wagner et al. 2004).  
 Phloem feeders are primarily hemipterans and include pests such as the foxglove aphid, 
Aulacorthum solani (Hemiptera: Aphididae); cowpea aphid, Aphis craccivora (Hemiptera: 
Aphididae); and A. glycines (Kumudini 2010). This type of feeding requires stylet mouthparts 
that allow for penetration of sieve elements, and can take anywhere from 20-60 minutes before 
feeding takes place. However, once initiated feeding can remain continuous for up to a few days 
(Tjallingii 1995). Soybeans use trichomes as a resistance mechanism against phloem feeders. 
Feeding by small insect is interrupted and slowed down due to the presence of long and dense 
soybean trichomes that prevent easy access to the leaf surface itself (Khan et al. 1986; Price et al. 
2011). Baur et al. (1991) observed that the herbivorous alder leaf beetle, Agelastica alni 
(Coleoptera: Chrysomelidae), exposed to both pubescent and shaved glabrous leaves of the grey 
alder were shown to prefer glabrous leaves for oviposition to the leaves with dense pubescence. 
It has also been observed that tomato leaves containing high densities of non-glandular trichomes 
have caused negative impacts on both the growth and feeding of the Colorado potato beetle, 
Leptinotarsa decemlineata (Coleoptera: Chrysomelidae) (Tian et al. 2012). However, the same 
study by Tian et al. (2012), observed the corn earworm, Helicoverpa zea (Lepidoptera: 
Noctuidae), had increased growth on the same high density tomato leaves that negatively 
impacted L. decemlineata. Helicoverpa zea was also observed to oviposit the greatest amount of 
eggs on densely pubescent surfaces of corn leaves and on millet compared to less pubescent and 
smoother surfaces (Juniper and Southwood 1986). 
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Natural enemies 
If trichomes can act as a barrier to herbivores, they may also be a barrier to the natural 
enemies, specifically predators and parasitoids. Non-glandular soybean trichomes have been 
observed to decrease mobility of certain insects via entrapment and penetration (Levin 1973; 
Furstenberg-Hagg et al. 2013). The rate of locomotion and predation have been observed to 
increase for the predatory mite, Phytoseiulus persimilis (Acari: Phytoseiidae) (Krips et al. 1999), 
and for the parasitoid, Encarsia formosa (Hymenoptera: Aphelenidae), towards the greenhouse 
whitefly, Trialeurodes vaporariorum (Hemiptera: Aleyrodidae) (van Lenteren et al. 1995) on 
plants with the least amount of trichomes present. Keller (1987), observed trichome density and 
structure on different plants (i.e., maize, soybean, tomato, and woolly mullein) altered turning 
rates and flight propensity of the parasitoid, Trichogramma exiguum (Hymenoptera: 
Trichogrammatidae).  
Another study by Roda et al. (2000), observed trichomes played a role in protecting one 
specimen from intraguild predation. Specifically, they compared pubescent apple cultivars to 
glabrous cultivars and observed that pubescence increases protection of the predatory mite, 
Typhlodromus pyri (Acari: Phytoseiidae), from the western flower thrips, Frankliniella 
occidentalis (Thysanoptera: Thripidae). However, not all natural enemies are impacted 
negatively by trichome density. Bjorkman and Ahrne (2005), observed trichomes having no 
effect on predators, Anthocoris nemorum (Hemiptera: Anthocoridae) and Ortothylus marginalis 
(Hemiptera: Miridae) and their probability of prey encounter. A detailed study observed that 
trichomes (i.e., glabrous, moderate, dense) may impact natural enemies differently over time. 
More specifically, the predator, Propylaea japonica (Coleoptera: Coccinellidae), was found in 
greatest densities on moderately pubescent plants early on during sampling, but was later mostly 
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observed on glabrous varieties. Interestingly enough the trichomes had no significant influences 
on any of the natural enemies at the end of the sampling period (Dai et al. 2010). 
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Chapter 2: 
DETERMINING THE IMPACT OF SOYBEAN TRICHOMES ON APHIS 
GLYCINES (HEMIPTERA: APHIDIDAE)  
 
Abstract 
Since its arrival in North America, Aphis glycines (Hemiptera: Aphididae) has been 
managed using broad-spectrum insecticides to prevent outbreaks from occurring. However, 
genes conferring antibiotic resistance to A. glycines (i.e., Rag genes) occur in the soybean 
germplasm and are capable of preventing A. glycines populations from reaching outbreak 
densities in North America. Although soybean pubescence or trichome density is not a 
component of Rag-based resistance, it has historically contributed to the management of other 
soybean pests, like the potato leafhopper (Empoasca fabae Harris). However, there is limited 
documentation of trichome impact on A. glycines in North America, especially in relations to 
Rag resistance. Our objective was to determine if varying trichome density limits A. glycines 
population growth. To determine the impact of trichome density on A. glycines populations, we 
compared 10 soybean isolines that varied by the density of trichomes that were present in a 
controlled laboratory setting. In addition, we included A. glycines-susceptible and -resistant (i.e., 
containing Rag1 and Rag2) varieties as positive and negative controls, respectively. Overall, the 
10 soybean isolines used with varying trichome density were not significantly different from the 
A. glycines-susceptible control. These results suggest that trichomes are not useful for 
management of A. glycines populations.  
Keywords: Trichomes, Aphis glycines 
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Introduction 
In the summer, A. glycines infest soybean and often undergo rapid population growth 
(McCornack et al. 2004). If these populations are left unmanaged yield losses of as much as 40% 
may occur (Ragsdale et al. 2007). The management tools that are most frequently used to reduce 
A. glycines populations are broad-spectrum, foliar insecticides (Olson et al. 2008). A 
consequence of their use are reduced populations of natural enemies as well as other beneficial 
insects that are present in soybean during the time of application (Varenhorst and O’Neal 2012; 
Fernandes et al. 2016). An alternative is the use of soybean varieties that contain Resistance to 
Aphis glycines (Rag) genes. These genes confer antibiotic and also antixenotic resistance towards 
A. glycines. Although there is still the potential for A. glycines populations to reach populations 
capable of reducing yield on single gene varieties (Chiozza et al. 2010), pyramids of more than 
one Rag gene can prevent population outbreaks (McCarville et al. 2014; Varenhorst et al. 2015).  
One complicating factor for the utilization of Rag genes is the occurrence of virulent 
biotypes in North America. Biotype-1 is avirulent to all the known Rag genes (i.e., population 
growth is reduced on Rag soybean). Biotype-2 is virulent to Rag1 soybean (i.e., population 
growth occurs on Rag1 soybean) and biotype-3 is virulent to Rag2 soybean. Biotype-4 is virulent 
to both Rag1 and Rag2 soybean as well as the pyramid of Rag1+Rag2 (Alt and Ryan-
Mahmutagic 2013, Varenhorst et al. 2015). A possible management solution for A. glycines and 
virulent biotypes may be the use of other sources of resistance.  
 Trichomes can be found on all parts of the soybean plant during both vegetative and 
reproductive growth stages and can be categorized into two major categories: glandular and non-
glandular. Glandular trichomes are different from non-glandular due to the various substances 
that are excreted from them, which consist of sticky substances and toxins. The sticky exudate 
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from glandular trichomes can potentially entrap or completely immobilize insects that cross its 
path. Glandular trichomes may also release toxic substances that have multiple effects on the 
insect. Some of the effects can include reduced growth rates and oviposition. Either type of 
glandular trichome increase the chance for predation of the target insect to occur and ultimately 
greater mortality than a glabrous variety (Stipanovic 1983).  
Non-glandular trichomes lack the ability to produce sticky substances as well as toxins. 
Even without the presence of secondary substances, non-glandular trichomes still act as an 
effective physical barrier towards certain insects due to variations in trichome branching, length 
and density (Levin 1973; Stipanovic 1983). Feeding preference of insects on dense and glabrous 
plant leaves has been the topic of numerous studies. Khan et al. (1986) evaluated the feeding 
response of the cabbage looper, Trichoplusia ni, on soybean plants with varying densities of 
trichomes. Trichoplusia ni consumed more leaves that were shaven compared to unshaven 
leaves. Lam and Pedigo (2001) observed similar results with adult bean leaf beetle, Cerotoma 
trifurcata (Coleoptera: Chrysomelidae) on soybean pods. Soybean pods that were glabrous had 
the most C. trifurcata feeding damage when compared to pods with varying amounts of 
trichomes (e.g., sparse: Clark or dense: Corsoy 79). Ihsan-Ul-Haq et al. (2003) revealed that the 
soybean looper, Pseudoplusia includens (Lepidoptera: Noctuidae), jassid, Amrasca biguttula 
biguttula (Hemiptera: Cicadellidae), and whitefly, Bemisia tabaci (Hemiptera: Aleyrodidae) all 
responded negatively when exposed to soybean leaves with trichomes. The response of insects to 
soybean trichomes likely varies by species, as thrips (Thysanoptera) populations were not 
affected by variations in trichome density, but E. fabae and springtails, Deuterosminthurus 
yumanensis, were shown to have significantly higher populations on glabrous varieties 
(Turnipseed 1977).  
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There is limited information on whether variation in soybean trichome density impacts 
the population growth of A. glycines. A field study in China conducted by Dai et al. (2010), 
evaluated the response of herbivores, including A. glycines, and predators to variations in 
soybean trichome density. They observed both positive and negative effects of trichomes on 
different insect predators and herbivores and with the response to pubescence varying over time. 
Specifically, A. glycines populations did not vary across varieties with varying trichome density. 
However, this study did not artificially infest plants with aphids, nor limit exposure to the natural 
enemies of the aphid. Unlike the United States, A. glycines is not a significant pest in China (Wu 
et al. 2004b). Given these differences, the extent to which A. glycines population growth may be 
limited by trichomes is not known. 
We tested the response of A. glycines to soybean varieties with varying trichome densities 
in a laboratory setting. We hypothesized that trichomes would interfere with A. glycines 
population growth. To compare this possible resistance to A. glycines, we used a population that 
is avirulent to Rag-genes (biotype-1). Included in our test were an aphid-susceptible variety and 
an aphid-resistant soybean variety with two Rag-genes. By including these positive and negative 
controls, we could determine the relative value of trichomes as a possible source of resistance. 
Materials and Methods 
Soybean aphids and soybean varieties 
 For this experiment, we used biotype-1 A. glycines that were originally obtained from the 
Ohio State University. Biotype-1 A. glycines are known to be avirulent towards Rag genes. For 
rearing, colonies of biotype-1 were constantly supplied with 2-3 new susceptible soybean 
(IA3027) plants every week. The soybean plants and A. glycines always remained inside a large 
mesh cage within a Percival E41L2C9 growth chamber (Percival Scientific, Incorporated, Perry, 
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IA) that allowed for adequate air movement in a controlled environment. For the colony, the 
growth chamber had 14:10 light:dark cycle with a temperature of 27.8°C and a relative humidity 
of 60%. These conditions limited the development of alate aphids and maintained the aphids in 
the asexual generation. 
 We used 10 isogenic soybean varieties that varied by trichome density were provided by 
Arti Singh and Asheesh Singh at Iowa State University (Table 1; Fig. 1). The soybean varieties 
originated from the background Clark. Additionally, we used two non-isoline controls that 
consisted of, a positive control IA3027 (A. glycines susceptible) and a negative control 
IA3027RA12 (Rag1 + Rag2). Using these two controls allowed us to determine if aphid 
populations grew on the ten varieties as if they were on a susceptible or a resistant variety. 
Impact of trichomes on A. glycines population growth 
We hypothesized that dense soybean pubescence would hinder A. glycines population 
growth. To test this, we identified an artificially infested plant as the experimental unit, with all 
12 treatments (soybean varieties) assigned within a randomized complete block design with four 
blocks. The experiment was replicated four times, or 16 experimental units per treatment. 
Two seeds of each of the 12 soybean line treatments were individually planted in 18 cm 
pots and then placed into a Percival E41L2C9 growth chamber. The growth chamber settings 
used consisted of a 14:10 light dark cycle with a constant temperature of 27.8°C and a relative 
humidity of 60%. When soybean reached the VC growth stage (i.e., unifoliate leaves are 
unrolled) one of the two plants from each pot was removed. When plants reached the V2 growth 
stage (i.e., two trifoliate leaflets unrolled), they were infested with A. glycines.  
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All 12 of the treatments were infested by transferring five mixed age biotype-1 A. 
glycines from susceptible (IA3027) colony plants using a 000 camel hair paintbrush. Biotype-1 
A. glycines were placed on the underside of the middle leaf on the second trifoliate. Mesh nets 
were then placed over each individual infested plant before they were placed back into the 
growth chamber. These nets prevented any plant-to-plant movement by the aphids. Aphis 
glycines populations were observed 24h after initial infestation to confirm their successful 
establishment. Once successfully established, we counted all A. glycines life stages and forms 
(i.e., alates, apterous, nymphs and adults) over the course of 11d.  
Statistical analysis 
We analyzed the number of A. glycines per plant at 11d after the plants were initially 
infested with five biotype-1 aphids. To reduce the heteroscadicity of A. glycines populations, 
data were transformed using the natural log function. Data were analyzed using the PROC 
MIXED procedure in SAS. Data were analyzed for the fixed effect soybean line using an 
LSMeans test with a Tukey correction. Lastly, we analyzed distribution of A. glycines on both 
stems and leaves separately. A PROC GLM procedure was used. Data were further analyzed 
using an LSMeans test for both treatment and location (i.e., stems and leaves) with a Tukey 
correction. We used SAS statistical software version 9.3 (SAS Institute, Cary, NC) to conduct 
our tests. 
Results 
Impact of trichomes on A. glycines population growth 
We did not confirm our original hypothesis that variation in trichome density negatively 
affect A. glycines population growth. Variation in trichome density did not significantly impact 
A. glycines population growth on soybean in a laboratory setting (Fig. 1). This was observed by 
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analyzing A. glycines population growth after 11 days per treatment and per repetition. The only 
treatment that was significantly different was pyramid variety (IA3027RA12), which was 
expected due to the inability of biotype-1 A. glycines to successfully maintain populations on the 
resistant variety (Fig. 2).  
Aphis glycines distribution 
In addition, we observed significant numerical variation of A. glycines distribution on the 
soybean. There were overall fewer A. glycines observed on the stems (Fig. 3) compared to the 
leaves of the plant for all 12 treatments (Fig. 4). We observed a significant difference between 
the four repetitions (F Value: 13.31, Pr >F <0.0001) and between the twelve treatments (F Value: 
4.37, Pr>F <0.0001) for the A. glycines distributed on the stems. We observed a significant 
difference between susceptible and Clark (Pr>t 0.0117), Clark and glabrous 1 (Pr>t 0.0013), 
Clark and glabrous 2 (Pr>t 0.0068), Clark and sparse (Pr>t 0.0090), Clark and sharp hairtip (Pr>t 
0.0030), Clark and dense 2 (Pr>t 0.0066), Clark and extra dense (Pr>t 0.0049), Clark and 
pyramid (Pr>t <0.0001), normal pubescence and pyramid (Pr>t 0.0119), and plus sparse and 
pyramid (Pr>t 0.0112) treatments using an LSmeans test for treatment effect. For the A. glycines 
found on leaves, we observed a significant difference between repetitions (F Value: 8.78, Pr>F 
<0.0001) and treatments (F Value: 7.36, Pr>F <0.0001). We observed a significant difference 
between pyramid & susceptible (Pr>t <0.0001), Clark (Pr>t 0.0007), normal pubescence (Pr>t 
0.0370), glabrous 1 (Pr>t <0.0001), glabrous 2 (Pr>t 0.0005), sparse (Pr>t <0.0001), plus sparse 
(Pr>t <0.0001), sharp hairtip (Pr>t <0.0001), dense 1 (Pr>t <0.0001), dense 2 (Pr>t <0.0001), 
and extra dense (Pr>t 0.0006) treatments using an LSmeans test for treatment effect. We also 
observed significant differences between the normal pubescent treatment and both glabrous 1 
(Pr>t 0.0476) and dense 1 (Pr>t 0.0089). 
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Discussion 
 This study specifically measured the response of A. glycines to the presence of trichomes 
when added to plants. These data presented provide valuable information on trichomes and how 
they should not be considered when trying to manage for A. glycines outbreaks. The ten soybean 
isolines used performed more like the susceptible control than the resistant control. These results 
are in agreement with a previous study that used some of the same isolines (Hill et al. 2004). 
However, the current experiment incorporated four additional isolines to test (i.e., PI547410; 
glabrous, PI547532; sparse, PI547625; dense 2, PI547643; normal pubescence).  
There are a couple of limitations with this type of study. First, we were only able to 
observe A. glycines growth over a period of 11 d due to the potential threat of plant 
overcrowding. When plants reach around the V5 stage, they become too large for their mesh 
nets, which could result in unwanted plant stress. Porter et al. (2015), reported that the longer an 
experiment is run in a growth chamber, the greater chance of getting variations that could skew 
data (i.e., aging light bulbs, uneven temperature, humidity). Throughout the experiment, we 
encountered thrips on soybean plants, which could have created competition for food. Thrips 
could have been transferred to plants accidentally via interaction with other plants from the 
greenhouse. Also, due to it being a controlled indoor experiment, we were not able to account for 
natural occurring environmental factors (i. e. weather, temperature, photoperiod, and natural 
enemy predation).  
We did not measure the response of alate A. glycines to trichomes. It may be that when 
given a chance, alates would fly away from pubescent to glabrous varieties or just completely fly 
away without having a chance to be accounted for. A study conducted by Hodgson et al. (2005) 
revealed that alates do not have a specific landing pattern or preference when landing in soybean 
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fields. However, we did measure the response of A. glycines’ distribution on all of the soybean 
varieties. Soybean leaves have been observed blocking approximately 94% of ultra violet (UV) 
rays in a lab setting where 6-12% of the A. glycines population was found on the tops of leaves, 
34-45% on the underside of leaves, and the remaining on stems and/or new growth (Burdick et 
al. 2015). Our data showed that A. glycines distribution was in agreement with the majority on 
the leaves (Fig. 4) compared to the stems (Fig. 3). 
 We did not include the effect of trichomes on natural enemies of A. glycines for this 
experiment. There are lots of natural enemies, both generalists and specialists that prey upon and 
help to suppress A. glycines (Gardiner et al. 2009). Our future research will need to observe A. 
glycines on soybean with varying trichome densities in a field setting. This type of research will 
allow us to observe how A. glycines populations respond in both the presence and absence of 
natural enemies as well as determine how natural enemies respond to different types and 
densities of trichomes. However, the results of this study revealed that incorporating trichomes 
for the suppression of biotype-1 A. glycines population growth is not a valuable integrated pest 
management approach.   
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Table 1. Ten isogenic lines with a shared parental background (Clark) with varying 1	
trichome density were compared to two near isogenic (~75%) lines with or without Rag-2	
genes. 3	
 4	
PI Names                          Cultivar Name             Trichome Type                        Gene 5	
 6	
PI 548533                          Clark                           Clark                                            - 7	
 8	
PI 547410                          L62-1377                    Glabrous                                     P1 9	
 10	
P1 547412                          L62-1385                   Glabrous                                     P1 11	
 12	
PI 547415                          L62-1986                    Dense 1                                      Pd1 13	
 14	
PI 547422                          L63-2999                    Plus sparse                                   - 15	
 16	
PI547532                           L71-149                      Sparse                                         Ps 17	
 18	
PI 547576                          L73-1034                    Sharp hair tip                             P b 19	
 20	
PI 547625                          L75-6648                    Dense 2                                       Pd2 21	
 22	
PI 547643                          L78-434                      Normal Pub                                Cl ark-Rsv1 23	
 24	
PI 547649                          L79-1815                    Extra-dense                                 P d1Pd2 25	
 26	
Susceptible Control           IA3027                              -                                               - 27	
 28	
Resistant Control              IA3027RA12                     -                                               - 29	
  30	
 31	
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Figure 1.  
Figure 1. Ten isolines and two controls used in experiment. Images taken with 4.3 Leica 
microscope using a 3.2 magnification.  
  
 
  
28 
Figure 2. 
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Figure 2. Ten isolines did not significantly suppress A. glycines. Average A. glycines 
populations across four repetitions after 11d in growth chamber from an initial population of 5 
aphids. There were a total of 16 experimental units per treatment (4 blocks x 4 repetitions). 
The only variety that was significantly different was the resistant control (Tukey corrected LS 
Means test, P<0.001).  
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Figure 3.  
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Figure 3. Aphis glycines population on stems. Average A. glycines distribution on soybean 
stems across last time point for all four repetitions. Significant differences described in 
results. 
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Figure 4.  
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Figure 4. Aphis glycines population on leaves. Average A. glycines distribution on soybean 
leaves across last time point for all four repetitions. Significant differences described in 
results. 
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Chapter 3: 
DETERMINING THE IMPACT OF SOYBEAN TRICHOMES ON THE 
NATURAL ENEMIES OF APHIS GLYCINES (HEMIPTERA: APHIDIDAE) 
 
Abstract 
 
Soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae), is an economic pest 
of soybean in the North Central United States. Efforts to develop aphid resistant soybeans have 
focused on genes referred to as Resistance to Aphis glycines or Rag-genes. These genes confer 
antibiosis and some antixenosis resistance without changes to the plant’s morphology. Host plant 
resistance can also be conferred by morphological features, such as trichomes that can negatively 
affect herbivores. However, little research has been conducted to determine how soybean 
trichome densities effect A. glycines population growth and their interactions with natural enemy 
predation. To determine the impact of trichomes on both A. glycines and their natural enemies, 
we compared two soybean varieties with extreme variation in trichome density and conducted a 
caged study. Two artificial infestations timings (i.e., vegetative and reproductive) of A. glycines 
were either exposed to or protected completely from natural enemies in a field setting. In 
addition, we also included A. glycines-susceptible and -resistant (i.e., containing Rag1 and Rag2) 
varieties as positive and negative controls, respectively. Trichomes did not impact either A. 
glycines or their natural enemies during both infestations, however, unusual results were 
observed during the R1 infestation due to immigrating aphids. Ultimately, trichomes should not 
be the used for managing A. glycines.  
Keywords: Aphis glycines, trichomes, natural enemies 
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Introduction 
The soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae), is an invasive 
agricultural pest confirmed in the United States in 2000. By 2009, it was detected throughout 30 
states (Ragsdale et al. 2011). When left unmanaged, A. glycines can reduce yield by as much as 
88% yield loss when plants became infested during the early vegetative stages (V5) and a 39% 
yield loss when infestation occurred during the reproductive stage (R2) (Beckendorf et al. 2008). 
Many management techniques are used in an attempt to prevent yield loss attributed to high A. 
glycines populations. Some of the A. glycines management strategies include Speed Scouting, 
which is used as a farmers’ first step to quickly determine if an insecticide is needed based on 
whether or not a field is infested or not (Hodgson et al. 2004). One form of management that can 
be used with or without insecticides are host plant resistance genes for A. glycines (Rag). The 
Rag genes can create antibiosis and antixenosis effects that reduce and deter A. glycines 
populations. (Painter 1951). Plant structural defenses (e.g., trichomes) (Khan et al. 1986), have 
been used as another alternative in A. glycines management and will be the focus of the study.  
Although resistance to A. glycines has been found in the soybean germplasm and 
incorporated into commercially available cultivars, the forms that this resistance takes is 
primarily limited to antibiosis and antixenosis (Baldin et al. 2016). External, morphological 
barriers (e.g., trichomes) to A. glycines is not associated with this resistance. Trichomes are hair-
like appendages extending from the plants’ epidermis (Levin 1973). Trichomes serve many 
important biotic roles for plants including interference with herbivore movement, antiherbivory, 
and reduced attachment area of eggs for oviposition (Handley et al. 2005). For example, the 
Mexican bean beetle, Epilachna varivestis Mulsant, experienced significantly higher larval 
mortality and decreased pupal weight on densely pubescent leaves of soybean compared to 
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glabrous plants (Gannon and Bach 1996). However, in their native range of China, A. glycines 
were not affected by glabrous (0-20 hairs/cm2), moderate (21-60 hairs/cm2), and dense (>60 
hairs/cm2) trichome densities on soybean (Dai et al. 2010). Although there is evidence of 
trichomes not affecting A. glycines in China and in North America (Hill et al. 2004), there aren’t 
any studies that have been conducted in North America that incorporate how both A. glycines 
growth and natural enemy predation are affected by trichomes.  
In other herbivore-plant systems, trichomes have significant impacts on both pest 
herbivores and their natural enemies (Peterson et al. 2016). Studies have observed higher 
predation on plants with higher trichomes (Styrsky et al. 2006) while others observed greater 
feeding on glabrous plants (Lam and Pedigo 2001). A study by Hulspas-Jordaan and van 
Lenteren (1978), observed a significant reduction in searching efficiency of the parasitoid 
Encarsia formosa Gahan (Hymenoptera: Aphelenidae) towards whiteflies on dense cucumber 
varieties. Natural enemy communities existing in the North Central region of the United States 
(Rutledge et al. 2004) and northern China (Miao et al. 2007) do feed on A. glycines. Generalist 
predators, including Orius insidious (Say) and Harmonia axyridis (Pallas), dominate the natural 
enemy community throughout soybean in the United States (Fox et al. 2004; Schmidt et al. 
2008). When natural enemies are abundant, A. glycines populations have been significantly 
decreased in agricultural systems (Costamagna and Landis 2006). The present study aimed to test 
two soybean varieties with extreme trichome density variations against biotype-1 A. glycines 
populations in a field setting both with and without the presence of natural enemies. We 
hypothesized that dense trichomes would interfere with A. glycines population growth as well as 
natural enemy predation. 
 
  
34 
Materials and Methods 
Soybean varieties and aphid biotypes  
We used four soybean varieties that varied in trichome density and aphid-resistance 
genes. The glabrous soybean variety (PI 547410) and extra dense variety (PI 547649) we used 
were isogenic and shared the Clark parental background. The two controls used were near-
isogenic (Wiarda et al. 2012) and varied in their susceptibility (IA3027) and resistance 
(IA3027RA12) to A. glycines. The susceptible variety lacked Rag-genes, while the resistant had 
both Rag1 and Rag2 and has been shown to significantly decrease A. glycines populations 
(McCarville et al. 2014). The two varieties varying in trichome density were selected to 
determine if the presence (PI 547649) or absence (PI 547410) of trichomes affects soybean aphid 
population growth and predation. The controls were used to determine if the glabrous or extra 
dense perform more like an aphid-susceptible (IA3027) or aphid-resistant (IA3027RA12) 
soybean plant.   
We used biotype-1 of A. glycines from a colony that was founded from individual 
females obtained from the Ohio State University. This biotype is avirulent to Rag1 and Rag2 
genes, and is unable to persist as colonies on soybean varieties that contain both genes 
(Varenhorst et al. 2015). The A. glycines (biotype-1) colony were maintained within a Percival 
E41L2C9 growth chamber (Percival Scientific, Incorporated, Perry, IA). The chamber settings 
were at a 14:10 light dark cycle with relative humidity of 60% and a consistent temperature of 
27°C. Aphis glycines were supplied with an average of two susceptible soybean (IA3027) plants 
per week. The soybean plants were in the early vegetative stage (V2-V4 stage) when placed into 
the chamber and taken out when signs of sooty mold appeared or when the plants simply became 
too large for the chamber. 
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Experimental design   
To determine if trichome density and natural enemies affected A. glycines populations, 
we designated the individual plant as the experimental unit. Each plant was randomly assigned 
two treatments (cage/uncaged and infestation date). The presence or absence of a cage allows us 
to determine the impact of natural enemies of ten biotype-1 A. glycines that were added to each 
plant. We elected to infest plans at two different stages of soybean growth (early vegetative 
stage, V2; early reproductive stage, R1) to account for possible morphological changes in the 
plant related to trichome density. In total, there were 16 treatments (four genotypes, 
caged/uncaged, two infestation dates). Treatments were applied to plants based on a randomized 
complete block design and each treatment combination was replicated once in ten blocks. This 
experiment was conducted at the Iowa State University Horticulture Research Station near 
Ames, IA.  
The cage treatment was applied by building cages around each plant. We constructed the 
frame of each cage with four 2.5 cm diameter thin-walled PVC leg pieces and one connector 
(Charlotte Pipe, Charlotte, NC). The dimensions of the cages were 110.998 cm by 46.99 cm by 
46.99 cm. To secure the cages in place, two pieces of rebar were placed near two opposing PVC 
legs and hammered a few inches into the soil. Each cage was enclosed with a custom sized (NO-
SEE-UM) mesh netting (Quest Outfitters, Sarasota, FL), and buried (15.24 cm) into the soil 
around each cage. Cages were placed around individual plants with a space of 0.076 cm between 
cages in each block and 0.0152 cm between blocks. This configuration allowed us to easily count 
aphids on each plant while preventing any accidental plant-to-plant movement. After cages were 
assembled furrows (5.08 cm) were created using hand shovels and a total of five seeds of each 
variety were planted into a furrow with even spacing between seeds. Once soybean plants began 
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to emerge (VE) we thinned the original five plants down to one to remain inside each of the 
cages. Prior to artificial infestation each cage was enclosed to prevent natural A. glycines 
population growth or any other herbivore infestation.  
We added soybean aphids on two dates (29 June and 29 July 2015), representing a 
vegetative stage and reproductive stage of soybean development. For the first infestation, the 
majority (~70%) of soybean plants had reached the V2 stage. When the majority (~70%) 
soybean plants began to bloom (R1), we infested the late treatments. Each infestation was started 
with ten biotype-1 A. glycines placed on the second trifoliate down from the top of the soybean 
plant. After each infestation, we counted A. glycines every 2-3 d on each plant for a three-week 
period.  
To determine if natural enemies were present in our experiment, we surveyed the 
community surrounding the experiment with two unbaited yellow sticky traps (Pherocon AM, 
Trece, Inc. Adair, OK) in each block for a total of 20 sticky traps (Table 1). Sticky traps were 
attached to wooden stakes with a large binder clip on 29 June 2015 and were replaced every 
other day for seven weeks until 17 August 2015. All natural enemies on the sticky cards were 
identified to family with the exception of Orius insidiosus and some species of coccinellids. The 
sticky cards were able to give an idea regarding the diversity and abundance of natural enemies 
over the length of the entire experiment. We also determined if natural enemies were found on 
each plant when aphid populations were assessed. We recorded the presence of natural enemies 
in all life stages, but counted clusters of eggs as one natural enemy. Natural enemies were rarely 
observed on caged treatments and removal of any herbivores occurred immediately after 
observation to preserve the treatment category.  
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Statistical analysis 
We conducted whole aphid plant counts from both caged and uncaged treatments during 
the early and late infestation periods of the experiment. All of the treatments were averaged 
across all ten blocks then the standard error mean was obtained. This process was done for all 
data collection time points, which was from 30 June 2015 through 17 July 2015 during the early 
infestation and from 30 July 2015 through 12 August 2015 during the late infestation (Figs. 1, 5). 
We measured soybean exposure to A. glycines by calculating cumulative aphid-days (CAD) from 
the methods used in Hanafi et al. (1989). Data were then analyzed by running an ANOVA with 
SAS statistical software version 9.4 (SAS Institute). An ANOVA and LSMeans was run 
separately for both the early and late portions of the experiment. Due to a plant and cage 
interaction a Proc GLM was run and the means of caged data from uncaged were separated 
(Table 2; Figs. 2, 6). 
To determine if the abundance of natural enemies varied by trichome over the duration of 
the experiment, we compared the total populations of all natural enemies on plant from both 
early (V2) and late (R1) infestation periods. We also addressed the abundance and diversity of 
natural enemies throughout the experiment location by using yellow sticky traps (Table 1). We 
wanted to obtain average natural enemy data and did so by analyzing data in SAS using Proc 
ANOVA with class as the date and model natural enemies = date. We further analyzed the data 
by observing Tukey’s Studentized Range (HSD) Test for natural enemies with a P-Value of 0.05. 
The analyzed data would help to explain any significant differences of natural enemies between 
dates of data collection, which would ultimately help justify the reasoning between picking both 
early and late infestation time points. To address our hypothesis regarding the impact of natural 
enemies on the soybean aphid, we measured a biological services index (BSI; caged-
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uncaged/caged). The BSI is described in greater detail in Gardiner et al. (2009). By calculating 
and index of the populations on pairs of caged and uncaged genotypes, we can account for the 
impact of natural enemies on A. glycines. Briefly, if a calculation produced a value of one then 
that represents total biocontrol of A. glycines. As the value decreases, so does the level of 
biocontrol. Negative values are calculated when uncaged treatments have higher populations of 
A. glycines than caged treatments. Negative values could occur if a natural infestation occurs that 
adds to the population that was artificially added to uncaged plants, but prohibited from 
establishing on caged plants. The data collected from the experiment during both the early and 
late infestations were later used to help determine BSI for all treatments. 
We converted any negative BSI outcomes to zeroes to indicate no biocontrol. An average 
BSI was calculated for each treatment combination, with averages Arcsine transformed to insure 
normality. We determined that the BSI data were not normally distributed using a Shapiro-Wilk 
test for Normality in the PROC UNIVARIATE procedure with SAS statistical software version 
9.4 (SAS Institute) (P<0.0001). Data were further analyzed using the Kruskal-Wallis test with 
the main effect BSI to determine if mean ranks were the same for each treatment. Because of a 
lack of similarities observed among data we ran a Wilcoxon two-sample test.  
Results 
Soybean aphid populations during the early infestation (V2) 
On the caged plants, from the day after initial infestation, 30 June 2015, until the last data 
point, 17 July 2015, we observed a gradual increase of A. glycines across all treatments up to 10 
July 2015 (Fig. 1). By 17 July, all of the treatments except for the resistant control had A. 
glycines population above the economic threshold of 250 aphids per plant. Next, we calculated 
CAD for both early (V2) and late (R1) infestations. For the early infestation we observed 
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significant differences between block (F= 2.46; df= 9; Pr > F= 0.0181), plant varieties (F= 12.38; 
df= 3; Pr > F= <.0001), cage treatments (F= 67.48; df= 1; Pr > F= <.0001) as well as a 
significant interaction between plant variety and type of caged treatment used (F= 5.29; df= 3; Pr 
> F= 0.0026). For the late infestation we observed significant differences between plant varieties 
(F= 5.62; df= 3; Pr > F= 0.0018) and cage treatments (F= 35.22; df= 1; Pr > F= <.0001). 
However, we did not observe significant differences between blocks or a plant*cage interaction.  
Due to the interaction observed between the plant varieties and cage treatments during 
the early infestation, we conducted a separate analysis for CAD on the early caged and uncaged 
treatments (Fig. 2). For the caged treatments we did observe a significant difference between the 
ten blocks (F= 2.39; df= 9; Pr > F= 0.0386) as well as between the caged treatments (F= 11.10; 
df= 3; Pr > F= <.0001). For the uncaged treatments we did not observe a significant difference 
between the ten blocks of the experiment or between the plant varieties used. In general, the 
lowest exposure to A. glycines were on plants left uncaged, with an order of magnitude greater 
exposure of plants to A. glycines on the caged plants. Among the caged plants, the lowest 
exposure was observed on the resistant control, with no statistical differences among the other 
three varieties. This lack of differences among the uncaged varieties is the likely source of the 
interaction between the cage and varieties.   
 We calculated a BSI for each time point that aphids were present during the first 
infestation. We did not observe significant differences among the BSI values for any of the 
treatments on 30 June (Pr > ChiSq= 0.6637), 2 July (Pr > ChiSq= 0.7620), 6 July (Pr > ChiSq= 
0.3543), 8 July (Pr > ChiSq= 0.2068), 10 July (Pr > ChiSq= 0.1326), 13 July (Pr > ChiSq= 
0.1465) or 15 July (Pr > ChiSq= 0.2055). However, we did observe significant differences 
between treatments on 17 July 2015 (Pr > ChiSq= 0.0342), which was the final date of data 
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collection (Fig. 4). The extra dense had the lowest BSI and was significantly different from the 
glabrous (Pr > Z = 0.0188), susceptible (Pr > Z= 0.0188), and pyramid variety (Pr > Z= 0.0099). 
Soybean aphid populations during the late infestation (R1) 
We cannot statistically compare results from these two time periods because we had two 
infestation dates; however, there are some remarkable comparisons. In agreement with the earlier 
infestation date, the lowest populations were observed on the resistant pyramid line, but only two 
varieties exceed the economic threshold for A. glycines (susceptible and extra dense) (Fig. 5). 
Populations of A. glycines on the uncaged plants were much greater during the late than early 
infestation. We observed A. glycines populations above the economic injury level (EIL) of 674 
aphids per plant on all uncaged treatments (data not shown). The CAD measured for the uncaged 
plants during this late infestation were an order of magnitude higher than uncaged plants in the 
earlier infestation. However, during this later infestation, exposure of each variety to aphids 
(CAD) in the caged treatments were in the range of values measured in the previous infestation. 
We observed significant differences in CAD values among the four varieties (F= 5.62; df= 3; Pr 
> F= 0.0018), and between caged and uncaged plants (F= 35.22; df= 1; Pr > F= <.0001), but not 
for block or plant*cage interaction. Interestingly, we observed greater populations of A. glycines 
on uncaged instead of caged plants.  
 At every sampling date, we observed no significant differences among BSI calculated for 
the four varieties (30 July [Pr > ChiSq= 0.2589], 3 August [Pr > ChiSq= 0.8412], 5 August [Pr > 
ChiSq= 0.3728], 7 August [Pr > ChiSq= 0.2393], and 10 August [Pr > ChiSq= 0.3194]). 
Remarkably, all of the varieties had negative BSI values due to the larger populations of A. 
glycines on uncaged compared to caged plants (Fig. 8). On the final sampling date, the lowest 
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BSI value was calculated for the resistant variety, but it was not statistically significant (12 
August [Pr > ChiSq= 0.0899]).   
Natural enemy community 
We collected 15 total taxa considered to be natural enemies of A. glycines from yellow 
sticky traps over the course of seven weeks (Table 1). We observed a significant difference 
between the weeks that the traps were set out (F= 12.85; df= 6; Pr > F= <.0001). These results 
help justify infesting the treatments at the two different growth stages. The early abundance data 
was gathered from 29 June to 20 July 2015 where 12 out of the 15 total taxa totaling in at 893 
individuals were observed. Along with the yellow sticky traps, we also observed and recorded 
natural enemies present on the actual soybean treatments (Table 1). Fourteen natural enemy taxa 
were observed during the entire experiment, but only nine were observed during early 
infestation. Natural enemy populations remained low and sporadic at 37 total individuals 
observed (Fig. 3). The most observed natural enemy was Syrphidae with 10 individuals followed 
by parasitoids and Chrysopidae (i.e., eggs).   
 We collected and observed 13 out of the 15 total taxa identified during the late half of the 
experiment, from 20 July to 17 August 2015. There were a total of 2,292 individuals collected 
from the yellow sticky traps. Similar to the early infestation, we observed the highest abundance 
of Dolichopodidae adults at 1,581. We also observed other natural enemies, including 334 
Syrphidae, 150 parasitoid wasps (i.e., braconids and aphelinids), 110 Anthocoridae, and 53 
Coccinellidae (Harmonia axyridis). The late infestation had fewer species of coccinellids present 
compared to early, however, we only observed Nabidae, Tachinidae, and Hemerobiidae 
individuals during the late portion. The yellow sticky traps were able to provide important 
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information on the abundance and diversity of the natural enemies present in the area 
surrounding the experiment. By knowing that natural enemies were present during the seven-
week experimental period by using yellow sticky straps we wanted to determine the abundance 
and diversity on the actual soybean treatments with varying trichome density. We determined 
this by collecting data from 30 July until 12 August 2015. We observed 14 taxa during the late 
infestation with 287 total individuals (Table 1). The five additional taxa observed during the late 
infestation included Hemerobiidae, Tachinidae, Coccinellidae (i.e., Coccinella septempunctata 
and Hippodamia tredecimpunctata), and unidentified Coccinellidae eggs and larvae. We 
observed the majority of natural enemies from 30 July to 12 August 2015, however the 
abundance of natural enemies was similar among all treatments numerically (Fig. 7).  
Discussion 
Impact of soybean trichomes on Aphis glycines  
Based on the evidence from both infestation periods, we reject the hypothesis that 
differences in trichome density between the glabrous and extra dense variety affected aphid 
population growth. Both of these varieties were not statistically significant from the susceptible 
control, but consistently had higher populations than the resistant control. These conclusions are 
based on the performance of biotype-1, which is avirulent to Rag genes (Hill et al. 2004). It may 
be that biotypes of the soybean aphid exist that are more susceptible (i.e., avirulent) to the 
presence of trichomes on soybeans. However, as we will explain below, data from the later 
infestation may include aphids other than those that we added to plants. If so, then within central 
Iowa, the aphid population that infested our plants were capable of overcoming whatever barrier 
trichomes may provide to this herbivore. 
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Aphis glycines populations were low on the pyramid across both treatments (i.e., both 
caged and uncaged) and each infestation timing (i.e., early and late) (Fig. 1), which was expected 
due to the avirulent nature of biotype-1 towards Rag genes. Aphis glycines were kept below the 
economic threshold (ET) of 250 aphids per plant (Ragsdale et al. 2007) on the uncaged, early 
infested plants across all treatments. We assume that some form of biocontrol is occurring due to 
the exposure of natural enemies to A. glycines within the environment (Fig. 2). We observed 
almost no population difference between the caged glabrous and extra dense during the late 
infestation, which suggests trichome variation does not play a major role in suppressing biotype-
1 A. glycines. The uncaged treatments during the late infestation portion of the experiment, 
however, provided us with some unusual results (Fig. 6). Due to such high A. glycines 
populations on all treatments including the pyramid variety, we assume that an unrelated A. 
glycines population immigrated into the field where the experiment was taking place. A previous 
study from 2005-2008, observed alate A. glycines captured via suction trap with the highest 
densities occurring from mid-July through August (Schmidt et al. 2012). Lagos-Kutz and 
Voegtlin (2016) also observed an increase of alates from July through the beginning of 
September across four suction traps located in Iowa. The trend of alates immigrating across the 
landscape during this timeframe could help explain why A. glycines populations increased 
dramatically during the R1 infestation. The sudden increase in A. glycines populations could 
have also played a role in covering up biocontrol occurring from the natural enemies. In addition, 
we also suspect that the immigrating aphids were of a different biotype due to the high numbers 
on the pyramid, which is not characteristic of biotype-1 A. glycines, but is of biotype-4 A. 
glycines (Alt and Ryan-Mahmutagic 2013).  
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Natural enemy abundance and diversity on sticky traps 
Yellow sticky traps have been observed collecting significantly greater populations of 
Coccinellids compared to other sampling methods (Stephens and Losey 2004) as well as more 
active life stages of natural enemies (Schmidt et al. 2008). Due to the possibility of increased 
disturbance towards natural enemies when conducting whole plant counts we used sticky traps 
help to ensure that natural enemies of A. glycines were present during the span of the experiment. 
Natural enemies were observed on the sticky cards for the entire duration of the experiment. We 
observed greater quantities of natural enemies on sticky cards compared to visual whole plant 
counts throughout the entire experiment, which is consistent with findings from Schmidt et al. 
2008. Higher quantities of natural enemies were found during the R1 infestation (i.e., 20 July-17 
August 2015) when compared to the V2 infestation (i.e., 29 June-20 July 2015) (Table 1). The 
increase in natural enemies during the R1 infestation could have been due to the unusual influx 
of A. glycines found on all uncaged treatments.  
Impact of soybean trichomes on natural enemies 
Since A. glycines arrived, many studies have researched their natural enemy community, 
which consists of many generalists and a few specialist species. Around 30 natural enemies have 
been observed preying upon A. glycines populations. Of the 30 natural enemies, approximately 
22 are predators (Rutledge et al. 2004) while six are parasitoids (Kaiser et al. 2007), which are 
known to be more specialized. When a healthy population of natural enemies are present in 
soybean fields, they have the potential to protect yield by maintaining low populations of A. 
glycines (Costamagna et al. 2007). Because natural enemies are so important to the overall 
system it is essential to determine how or if trichomes impact them. In our study, natural enemies 
at all stages (i.e., eggs, larvae, and adults) were observed and recorded (Figs. 3, 7) except for 
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spiders and ground dwelling beetles. Early V2 infestation of A. glycines resulted in sporadic 
observations of natural enemies. This could have been due to low A. glycines numbers, which is 
in agreement with (Donaldson et al. 2007), where predators showed strong responses towards 
high density pockets of A. glycines. Late R1 infestation had nearly four times as many natural 
enemies present as well as larger A. glycines populations. Trichomes did not seem to interfere 
with natural enemy predation throughout both infestations.  
Biocontrol Services Index on A. glycines 
Because trichomes did not affect the abundance of natural enemies, we wanted to 
estimate the biocontrol occurring on all treatments throughout the entire experiment. To do so, 
we calculated the BSI at each time point aphid populations were estimated. During the first 
couple sampling dates of the V2 infestation we observed a negative BSI value for the pyramid 
and extra dense treatments. This could have been due to the low density of natural enemies early 
on. However, towards the end of the early sampling period we observed high BSI for all 
treatments. The R1 infestation had an almost completely opposite outcome of BSI. The only time 
positive BSI occurred was on the first sampling period and was observed on the glabrous and 
susceptible treatments. The remaining sampling dates had negative BSI values for all treatments 
used. For the R1 infestation BSI data, we noticed that almost all of the time there were more A. 
glycines on uncaged treatments versus the caged, which gave us negative BSI results. We believe 
this could have occurred for a few reasons. First, we could have potentially knocked off some 
aphids when moving the netting down to begin whole plant counts. Another possible explanation 
for the higher populations during the R1 infestation on all uncaged soybean treatments could be 
due to a population of immigrating A. glycines. Costamagna et al. (2013), witnessed an 
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immigration even in real time and saw that events such as these have the power to reduce the 
overall productivity of natural enemy control.  
In summary, trichomes do not affect A. glycines or its natural enemies or interfere with 
the biocontrol on A. glycines by the natural enemies. Therefore, trichomes are not helpful for A. 
glycines, but they don’t hurt them either. So, if trichomes can be of value for some other pest, 
then this could be added without disturbing the pest management of A. glycines.  
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Table 1. Natural enemy community composition for both early and late Aphis glycines 
infestation dates, 2015.  
Sampling method  Taxonomic group  Abundance 
        Early  Late   
Yellow sticky trap  Dolichopodidae   382  1581   
    Syrphidae   378  334   
    Parasitoid wasps                 91  150   
 Orius insidiosus   8  110   
    Harmonia axyridis  6  53   
    Coleomegilla maculata  3  34   
    Chrysopidae   2  16   
    Cycloneda munda  11  4   
    Hippodamia convergens  6  3   
    Hemerobiidae   0  3   
    Tachinidae   0  2   
    Adalia bipunctata  2  1   
    Nabidae    0  1   
    Hippodamia parenthesis  3  0   
    Coccinella septempunctata 1  0   
Total    15 taxa observed  893  2292  
Observational   Syrphidae   10  12   
    Parasitoid wasp   9  2   
    Chrysopidae (eggs)  7  128   
    Dolichopodidae   3  9   
    Orius insidiosus   3  25   
    Coleomegilla maculata  2  5   
    Cycloneda munda  1  4   
    Harmonia axyridis  1  39   
    Nabidae    1  2   
    Hemerobiidae   0  2   
    Tachinidae   0  1   
    Unidentified Lady beetle (eggs, larvae) 0 56   
    Coccinella septempunctata 0  1   
    Hippodamia tredecimpunctata 0  1   
Total    14 taxa observed  37  287  
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Table 2. The GLM Procedure with cumulative aphid days (CAD) as the dependent 
variable.   
Source  DF Type III SS  Mean Square  F Value Pr >F 
Early (6/30-7/17) 
Blk 9 4,816,637.59 535181.95 2.46 0.0181 
plant 3 8088267.66 2696089.22 12.38 <0.0001 
cage  1 14691979.65  14691979.65  67.48  <.0001 
plant*cage 3 3456193.61  1152064.54  5.29  0.0026 
Late (7/30-8/12) 
Blk  9 59595609.5  6621734.4  1.75  0.0955 
plant  3 63648407.4  21216135.8  5.62  0.0018 
cage  1 133006767.6  133006767.6  35.22  <.0001 
plant*cage 3 1275029.3  425009.8  0.11  0.9525 
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Figure 1. 
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Figure 1. Aphids remain below economic threshold on pyramid. Biotype-1 A. 
glycines on caged treatments during the early (V2) infestation at Horticulture 
Research Station, 2015. All soybean plants from early treatments had A. glycines 
averaged at every data collection date (+/- SEM). Dotted lines represents economic 
threshold. 
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Figure 2. 
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Figure 2. Uncaged treatments had lowest aphid exposure. Biotype-1 soybean aphid 
exposure to both caged and uncaged soybean treatments from 6/30-7/17/15. Data 
analyzed by caged treatment of soybean. Capital letters indicate significant differences 
among caged varieties and lower case letter indicate significant differences among 
uncaged varieties. 
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Figure 3. 
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Figure 3. Natural enemies observed sporadically during early infestation. Natural 
enemies observed on uncaged treatments during the summer of 2015 at the Horticulture 
Research Station. 
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Figure 4. 
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Figure 4. High levels of biocontrol observed on all early infested treatments. Biocontrol 
service index (BSI) of biotype-1 soybean aphid on 7/17/15.   
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Figure 5. 
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Figure 5. Economic threshold reached on susceptible and extra dense varieties. 
Average biotype-1 soybean aphid per treatment over time. Data was collected in 2015 on 
caged treatments. 
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Figure 6.  
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Figure 6. Uncaged treatments had highest CAD. Biotype-1 A. glycines cumulative 
aphid days (CAD) during late infestation (7/30/15-8/12/15). The GLM procedure was 
used and data was analyzed by conducting using t Tests (LSD) for CAD. Capital letters 
indicate significant differences among caged soybean varieties and lowercase letters 
indicate significant differences among uncaged soybean varieties (P< 0.05).  
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Figure 7. 
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Figure 7. Gradual increase of natural enemies during late infestation. Natural enemies 
observed over time during late infestation (R1) of soybean aphids on treatments in 2015. 
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Figure 8. 
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Figure 8. No biocontrol observed despite presence of natural enemies. Biocontrol 
service index (BSI) of biotype-1 soybean aphid on 8/12/15. 
 
